Abstract. The projected increase in mean temperatures caused by climate change is expected to have detrimental impacts on berry quality. Microorganisms as arbuscular mycorrhizal fungi (AMF) produce numerous benefits to host plants and can help plants to cope with abiotic stresses such as high temperature. The aims of this research were to characterise the response of three clones of Vitis vinifera L. cv. Tempranillo to elevated temperatures and to determine whether AMF inoculation can improve berry antioxidant properties under these conditions. The study was carried out on three fruitbearing cuttings clones of cv. Tempranillo (CL-260, CL-1048 and CL-1089) inoculated with AMF or uninoculated and subjected to two temperature regimes (day-night: 248CÀ148C and 288CÀ188C) during berry ripening. Results showed that clonal diversity of Tempranillo resulted in different abilities to respond to elevated temperature and AMF inoculation. In CL-1048, AMF inoculation improved parameters related to phenolic maturity such as anthocyanin content and increased antioxidant activity under elevated temperature, demonstrating a protective role of AMF inoculation against warming effects on berry quality. The results therefore suggest that selection of new clones and/or the implementation of measures to promote the association of grapevines with AMF could be strategies to improve berry antioxidant properties under future warming conditions.
Introduction
Human activities, especially during the last 50 years, have contributed to increased atmospheric greenhouse gas concentration, which is responsible for the Earth's surface warming (Webb et al. 2013) . Climate change particularly affects winemaking regions in southern Europe, where from 1950 to 1999, growing-season average temperatures have increased by 1.268C (Jones et al. 2005) . Moreover, according to the Intergovernmental Panel on Climate Change (IPCC 2014) , global average temperature could increase by 48C in the next 100 years. Associated with warming trends over the last few decades, early maturity of grapevines has been reported for Europe, North America and Australia (Duchêne and Schneider 2005; Petrie and Sadras 2008; Sadras and Petrie 2011) and these shifts in the timing of wine-grape maturity can have implications for the viticultural sector. Understanding the effects of elevated temperature on different grapevine varieties is important for the implementation of appropriate agronomic practices and relevant for the knowledge and attribution of trends in the context of climate change (Teixeira et al. 2013) .
High temperature impairs processes associated with grapevine ripening (Kuhn et al. 2014) . Characteristic warming effects on berry composition include reduction of anthocyanin content (Mori et al. 2007; Azuma et al. 2012; Carbonell-Bejerano et al. 2013) , rapid fall in acidity and malate content (Conde et al. 2007; Keller 2010; Sweetman et al. 2014) , and changes in the composition of phenolic compounds (Tarara et al. 2008; Cohen et al. 2012) . This may have significant implications for wine quality due to changes in the hue and intensity of the grape colour (Mori et al. 2007 ). In addition, elevated temperatures hasten sugar accumulation at the expense of other relevant compounds, leading to the elaboration of wines with higher alcohol contents (Greer and Weston 2010) . However, the magnitude of all described impacts on berry quality differs among varieties (Barnuud et al. 2014) . Clonal diversity within grapevine cultivars has been studied for a broad range of characteristics. Thus, precocity of the phenological cycle, yield, sugar concentration, skin phenolic compounds, disease resistance or response to environmental conditions varied widely among clones (Anderson et al. 2008; van Leeuwen et al. 2013) . Because projected warming during the growing season over southern Europe is expected to have detrimental effects on grapevine development and wine quality, different possibilities are emerging. One possibility is the adaptation of vineyards to projected future warming through varieties being able to maintain berry characteristics under the new conditions and through the development of breeding programs selecting the most adaptable grapevine clones in each country (Duchêne et al. 2010; Fraga et al. 2013; Webb et al. 2013) .
Recent studies indicate that microorganisms may help plants to cope with abiotic stresses such as high temperature (Grover et al. 2011; Maya and Matsubara 2013) . Among these, arbuscular mycorrhizal fungi (AMF) have received increasing attention because of their numerous benefits to host plants. Under field conditions, grapevine roots are normally colonised by AMF, with the general AMF structure and composition in vineyards more influenced by soil type than by host plant features or management practices (Balestrini et al. 2010) . The association between AMF and grapevine roots has been related to increased plant growth (Linderman and Davis 2001) , drought tolerance (Nikolaou et al. 2003) , nutrient uptake (Karagiannidis et al. 2007; Schreiner 2007) and protection against pathogens (Nogales et al. 2009 ), without changes to berry composition (Karagiannidis et al. 2007) . Associations with AMF can stimulate the synthesis of plant secondary metabolites, which are important for increased plant tolerance to environmental stresses and beneficial to human health through their antioxidant activity (Baslam et al. 2013; Bettoni et al. 2014) .
Nevertheless, little is known about the potential benefits of AMF colonisation on grape quality under conditions of climate change. Therefore, the objectives of the present research were: (i) to characterise the response of three Vitis vinifera L. cv. Tempranillo clones to elevated temperatures, focusing on technologic and phenolic maturity; and (ii) to determine whether AMF inoculation can improve berry antioxidant properties under these conditions. Tempranillo is a Spanish variety widely cultivated in northern and central Spain where it is the main variety in half of the Denominations of Origin. This variety exhibits a broad clonal diversity (Cervera et al. 2002) , and we hypothesise that this could result in different abilities to respond to warm climates and AMF inoculation. Thus, the goal of this study was to identify some clones of Tempranillo that maintain fruit quality as well as antioxidant capacity under changing environmental conditions. Potted vines were used to ensure that all clones experienced the same temperature conditions, and to control mycorrhizal inoculation and to have comparable non-inoculated plants. Previous researchers have demonstrated that fruit-bearing cuttings are a meaningful and useful model system to study grape berry metabolism (Dai et al. 2013) and evaluate the response of berry ripening to environmental factors (Antolín et al. 2010; Niculcea et al. 2014; Martínez-Lüscher et al. 2015) . In addition, the chronology of flowering and fructification of the fruit-bearing cuttings is similar to that of the vineyard-grown grapevines (Ollat et al. 1998; Lebon et al. 2008) . However, experiments with greenhouse experiments and potted plants to assess the effect of temperature and/or AMF inoculation have some limitations such as as abrupt changes in temperature cycles, lack of wind, small soil volume or warming of roots above air temperature (Passioura 2006; Poorter et al. 2012; Bonada and Sadras 2015) .
Material and methods

Biological material and growth conditions
Dormant 400-500-mm-long cuttings of different clones of Tempranillo with were obtained in winter 2013 from an experimental vineyard of the Institute of Sciences of Vine and Wine, Logroño, Spain (Denomination of Origin Rioja, North of Spain). Three clones (CL-260, CL-1048 and CL-1089) were selected on basis of previous research showing that phenolic content and antioxidant activity of leaves were stimulated by the combination of elevated temperature and mycorrhizal inoculation (Torres et al. 2015) . A brief description of the clones is presented in Table 1 . Cuttings of each clone were selected for fruit-bearing according to steps originally outlined by Mullins (1966) with some modifications described in Ollat et al. (1998) and Antolín et al. (2010) . Research has demonstrated that the fruit-bearing cutting technique is a useful model for grapevine physiology studies that allows development of vegetative and reproductive organs that is similar to vineyard grapevines but under fully controlled environmental conditions (Antolín et al. 2010; Dai et al. 2013) . Briefly, rooting was made in a heat bed (278C) kept in a cool room (48C). One month later, the cuttings were planted in 6.5-L plastic pots containing a mixture of vermiculite-sand-light peat (2.5 : 2.5 : 1, v : v : v) and transferred to the glasshouses. Properties of the peat (Floragard; Vilassar de Mar, Barcelona, Spain) were: pH 5.2-6.0, nitrogen 70-150 mg L . The peat was previously sterilised at 1008C for 1 h on 3 consecutive days.
At transplanting, half of the plants were inoculated with the mycorrhizal inoculum GLOMYGEL Vid, Olivo, Frutales (Mycovitro S.L., Pinos Puente, Spain) (+M plants). The concentrated commercial inoculum derived from an in-vitro (Krüger et al. 2012) . It contained 2000 mycorrhizal propagules (inert pieces of roots colonised by AMF, spores and vegetative mycelium) per mL inoculum. In order to facilitate its application, the concentrated commercial inoculum was diluted with distilled water to a mycorrhizal inoculum of~250 propagules mL -1 . Each +M plant received 8 mL diluted mycorrhizal inoculum close to the roots, thus making 2000 propagules in total. A filtrate was added to plants that did not receive the mycorrhizal inoculum (-M plants) in order to restore other soil free-living microorganisms accompanying AMF. The filtrate was obtained by passing diluted mycorrhizal inoculum through a layer of 15-20-mm filter paper with particle retention of 2.5 mm (Whatman 42; GE Healthcare, Little Chalfont, UK), and each -M plant received 8 mL filtrate close to the roots. The selection of in-vitro-produced inoculum of R. intraradices was based on two expected benefits: (i) easy application of the product; and (ii) low colonisation of roots by contaminant fungi (Vimard et al. 1999) .
Plants were transferred to greenhouses, which were adapted to simulate climate change conditions as described by Morales et al. (2014) . Initial growth conditions were 258CÀ158C and 50%-90% relative humidity (day-night). Natural daylight (photosynthetic photon flux density, PPFD, on average 850 mmol m -2 s -1 at midday) was supplemented with highpressure sodium lamps (SON-T; Agro Phillips, Eindhoven, Netherlands) to extend the photoperiod up to 15 h and ensure a minimum PPFD of 350 mmol m -2 s -1 at the level of the inflorescence. Humidity and temperature were controlled by using M22W2HT4X transmitters (Rotronic Instrument Corp., Hauppauge, NY, USA). PPFD was monitored with a LI-190SZ quantum sensor (LI-COR Biosciences, Lincoln, NE, USA). Under these conditions, bud-break took place after 1 week. Careful control of vegetative growth before flowering improves the partitioning of stored carbon towards the roots and the reproductive structures. Thus, only a single flowering stem was allowed to develop on each plant during growth. Plants were irrigated with the nutrient solution detailed by Ollat et al. (1998) . The electric conductivity of the nutrient solution adjusted to pH 5.5 was 1.46 AE 0.15 mS cm -1 as determined with a conductivity meter (524; Crison Instruments SA, Alella, Spain). Plants were watered twice daily with a nutrient solution (140 mL day -1 ) with phosphorus (P) level 0.30 mM. This was lower than the amount of P applied by Petit and Glubler (2006) to Vitis inoculated with R. intraradices under controlled conditions.
Experimental design
Fruit-bearing cuttings (20 plants clone ) were exposed to two day-night temperature regimes at fruit set (Eichhorn and Lorenz (E-L) fruit stage 27; Coombe 1995): 248CÀ148C and 288CÀ188C. At this stage, plants have 4-5 fully expanded leaves. The 248CÀ148C temperature regime was selected according to the average temperatures registered in La Rioja (AEMET, Spain) during growing season. The 288CÀ188C temperature regime was selected according to predictions of a rise of 4.08C by the end the present century (IPCC 2014) . Both temperature regimes were maintained until ripeness (218-238Brix) (E-L 38). To avoid excessive soil warming, which can negatively affect AMF infection, sides of pots were shaded by covering with a reflecting material (Passioura 2006; Poorter et al. 2012) . Soil temperature was measured at 5 cm soil depth by using temperature probes (PT100; Coreterm, Valencia, Spain) and reached 248C AE 0.58C and 278C AE 0.58C for 248CÀ148C and 288CÀ188C air temperature regimes, respectively.
Length of phenological phases was recorded as the number of days from fruit set (E-L 27) to veraison (E-L 35), and from veraison to harvest ripe (E-L 38). Thermal time was calculated on a daily basis by using a base temperature of 108C (Sadras and Morán 2013) . Plants were harvested separately based on sugar level from berry subsamples (two or three berries) taken weekly.
Mycorrhizal colonisation
Root samples were cleared and stained (Phillips and Hayman 1970) , and mycorrhizal colonisation was determined by examining 1-cm root segments (45 per pot) under the microscope. Then, parameters of mycorrhizal colonisation were calculated for each pot. First, the extension (E) of mycorrhizal colonisation was first determined for every root segment and was calculated as the product of value of mycorrhizal colonisation in width (W) and value of mycorrhizal colonisation in length (L). Values of mycorrhizal colonisation in W and length L were ascribed according a 0-10 scale where 0 is complete absence of fungal structures and 10 is fungal structures occupying the full length or width of the root segment. Total E per pot was calculated as E = P (W Â L)/n, where n is total number of root segments observed under the microscope (n = 45 per pot), and was expressed as a percentage. Second, the incidence (I) of mycorrhizal colonisation per pot was calculated as the ratio between number of root segments with fungal structures (arbuscules, vesicles and/or hyphae) and total number of root segments observed under the microscope (45 per pot). Third, the intensity of mycorrhizal colonisation per pot was calculated as E Â I, and results were expressed as percentage of infection (Hayman et al. 1976) . The mycorrhizal efficiency index (MEI) was estimated from fresh matter (FM) according to Bagyaraj (1994) as: MEI = (bunch FM of +M plant -bunch FM of -M plant) Â 100/(bunch FM of +M plant). Determination of MEI allows assessment of the improvement provided by inoculation of plants with a mycorrhizal fungus.
Plant growth, yield and leaf nutrients
Leaf area was measured with a portable area meter (model LI-3000; LI-COR). A good correlation (r = 0.97) was obtained between the length of the main vein of the leaf and leaf area by using several leaves of each clone. Total leaf area of each plant was calculated after measuring the length of the main vein in all leaves and applying the formula: leaf area = -4.98 + (2.54 Â vein length) + (0.90 Â vein length 2 ). Then, all leaves were removed and counted.
To obtain yield, bunches were weighed and then 10 berries from each plant were collected and weighed individually. Mean fresh berry mass was determined and berries were separated into skin and flesh. The remaining berries were counted, weighed and frozen at À808C for further analysis. The relative skin mass was calculated as the quotient between skin FM and total berry FM expressed as percentage.
For mineral analyses, leaf samples (0.5 g dry matter (DM)) were dry-ashed and dissolved in HCl according to Duque (1971) . Phosphorus was determined by using inductively coupled plasma-optical emission spectroscopy (ICP-OES) (Optima 4300; PerkinElmer, Waltham, MA, USA). The operating parameters for ICP-OES were: radio frequency power, 1300 W; nebulizer flow, 0.85 L min -1
; nebulizer pressure, 30 psi; auxiliary gas flow, 0.2 L min -1 ; sample introduction, 1 mL min -1 ; and three replicates per sample. Total N was quantified after combustion (9508C) of leaf DM with pure oxygen by an elemental analyser (TruSpec CN; LECO Corp., St. Joseph, MI, USA).
Technological maturity
A subsample of 25 berries was crushed and then extracts were centrifuged at 4300g at 48C for 10 min. The supernatant was used for the following determinations: total soluble solids (mainly sugars) measured with a temperature-compensating refractometer (Zuzi model 315; Auxilab, Beriáin, Spain) and expressed as 8Brix; must pH measured with a pH meter (Crison Instruments, Barcelona, Spain) standardised to pH 7.0 and 4.0; titratable acidity measured by titration with NaOH according to International Organisation of Vine and Wine methods (OIV 2014) , and expressed as g tartaric acid L -1 ; L-malic acid measured by an enzymatic method (Enzytec L-Malic Acid; R-Biopharm, Darmstadt, Germany); and tartaric acid by using the modified method of Rebelein (1973) .
Phenolic maturity
Another 25-berry subsample per plant was weighed and taken for the analysis of anthocyanins and total phenols. Total and extractable anthocyanins were calculated according to the procedure described by Saint-Cricq et al. (1998) . Two samples of the non-filtered, crushed grape homogenate were macerated for 4 h at pH 1 (hydrogen chloride) and pH 3.2 (tartaric acid), respectively. Once maceration was over, the macerated samples were centrifuged at 4300g at 48C for 10 min. Total and extractable anthocyanins were determined in both supernatants (macerated at pH 1 and pH 3.2) according to Ribéreau-Gayon and Stonestreet (1965) by using absorbance at 520 nm. Both data were used to calculate the cellular extractability of anthocyanins as described in Nadal (2010) . The seed maturity index estimates the contribution of tannins of seeds to the ripeness evaluation and it was obtained by the Glories procedure (Nadal 2010) . Total polyphenol index (TPI) was calculated by the absorbance reading at 280 nm in the supernatant obtained after maceration at pH 3.2 (EEC 1990). All analyses were run in triplicate.
Antioxidant capacity
Total antioxidant capacity was evaluated on the same must samples used for technological maturity determinations by using the free-radical scavenging activity (a, a-diphenyl-bpicrylhydrazyl (DPPH)) assay (Brand-Williams et al. 1995) . The free radical scavenging activity, using the free radical DPPH * , was evaluated by measuring the variation in absorbance at 515 nm after 30 min of reaction in Parafilmsealed glass cuvettes (to avoid methanol evaporation) at 258C. The reaction was started by adding 20 mL of the corresponding sample to the cuvette containing an 80 mM (methanol solution) (980 mL) of the free radical (DPPH * ). The final volume of the assay was 1 mL. The reaction was followed with a spectrophotometer (Jasco V-630; Analytical Instruments, Easton, MD, USA). The calibration curve was made using gallic acid as standard. Results were expressed as mg gallic acid g -1 DM.
Statistical analyses
Statistical analyses were carried out with the statistical software SPSS version 21.0 for Windows (IBM, Armonk, NY, USA). Data were subjected to Kolmogorov-Smirnov normality test due to the small sample size. Data appeared to follow a normal distribution and they were therefore subjected to analysis of variance (ANOVA) within each clone. The test was performed to assess the main effect of the factors temperature (248CÀ148C and 288CÀ188C) and mycorrhization (-M and +M) and the interaction between them (T Â M). In the case of mycorrhizal efficiency index (MEI), the main factors were temperature and clone. Means AE standard errors (s.e.) were calculated, and when the F-ratio was significant (P 0.05), Duncan's test was applied. Two-way ANOVA was performed to determine significant differences in all parameters. Berry quality parameters and antioxidant activity data were analysed by principal component analysis (PCA) with the same software.
Results
Phenological cycle, plant and berry traits and MEI
In plants grown at 248CÀ148C, the period from fruit set to veraison of the fruit-bearing cuttings of Tempranillo clones was similar to that of the vineyard-grown plants (Tables 1 and  2 ). However, the time between veraison and harvest ripe was longer in fruit-bearing cuttings than the vineyard-grown plants (Table 2 ). In our study, temperature was the main factor influencing phenology, and no significant effects could be attributed to AMF inoculation (Table 2) . Thus, increasing temperature to 288CÀ188C shortened the time to reach veraison in all clones, but the time from veraison was distinctly affected by raising temperature according to clone. Thus, in CL-260 and CL-1048, fruit maturity was reached earlier at 288CÀ188C, but in CL-1089, no significant variations from veraison to ripening period were found. On a thermal-time scale, most significant changes in phenology disappeared, indicating that the differences are fully accounted for by temperature (Table 2) . Although the intensity of mycorrhizal colonisation was low (10-15%) (Table 2) , the MEI allows assessment of the effect obtained after AMF inoculation (Fig. 1) . Results showed that AMF inoculation exerted a negative effect on bunch growth (except for CL-1089 grown at 248CÀ148C) but the MEI values were distinctly modified by temperature as a function of clone assayed. Thus, in CL-260 grown at 288CÀ188C, effectiveness of mycorrhizal symbiosis was improved (i.e. MEI was less negative). However, in CL-1048, MEI values were not affected by increased temperature, and in CL-1089, MEI was strongly diminished. This differential pattern was emphasised by two-way ANOVA showing a significant interaction between temperature treatment and clone (Fig. 1) . Plant growth (estimated by leaf area) decreased with increased temperature mainly through reduction in leaf number, whereas AMF inoculation did not affect either parameter (Table 3 ). In the same way, temperature was the main factor influencing yield and berry size, and no significant effects could be attributed to AMF inoculation (Table 3) . By contrast, relative skin mass was not significantly modified by temperature or AMF treatments. Foliar levels of N were not affected by mycorrhizal inoculation and/or increased temperature for CL-260 and CL-1089 (Table 4 ). In CL-1048, increased temperature and the interaction between high temperature and AMF inoculation (T Â M, P < 0.05) enhanced the accumulation of N in leaves. Foliar concentrations of P were not significantly affected by mycorrhizal inoculation (Table 4 ) but clearly increased in plants subjected to increased temperature. In CL-1048, the application of AMF diminished the increase in P in leaves observed under high temperature (T Â M, P 0.01).
Phenolic and technological maturity
In CL-260, technological maturity parameters were significantly modified by increased temperature, as evidenced by increased concentration of total soluble sugars and decreased tartaric acid (Table 5) . No significant interactions between temperature and mycorrhization were observed in technological maturity (Fig. 2a) . Analyses of phenolic maturity showed that increasing temperature significantly reduced TPI, cellular extractability of anthocyanins and seed maturity (Table 5) . AMF inoculation also resulted in low cellular extractability of anthocyanins (Table 5) , and significant reductions in total and extractable anthocyanins were observed in +M plants grown at 288CÀ188C (Fig. 2b) . This differential pattern was emphasised by two-way ANOVA showing significant T Â M interaction for total (P 0.01) and extractable (P 0.001) anthocyanins.
In CL-1048, analyses of technological maturity showed that temperature was the main factor increasing total soluble solids (Table 5) . Moreover, AMF inoculation resulted in significant reduction of must pH and increased tartaric acid. In this clone, phenolic maturity parameters reduced by temperature were TPI and both total and extractable anthocyanins (Table 5 ). In addition, total anthocyanins were significantly increased by AMF inoculation (Table 5) . Two-way ANOVA showed significant T Â M interaction for titratable acidity (P 0.05; Fig. 3a ) and for extractability of anthocyanins (P 0.05; Fig. 3b) .
In CL-1089, neither temperature nor mycorrhization affected levels of total soluble solids but titratable acidity as well as malic and tartaric acids were significantly modified by temperature increase (Table 5) . Regarding phenolic maturity parameters, in this clone total and extractable anthocyanins were reduced by elevated temperature, but AMF inoculation significantly increased total anthocyanins and extractability of anthocyanins (Table 5) . No significant T Â M interactions were observed in any case (Fig. 4a, b) .
Antioxidant capacity
In CL-260 and CL-1089, temperature rise was the main factor accounting for diminished total antioxidant capacity of berry extracts (Table 6 ). On the other hand, AMF inoculation resulted in a significant enhancement of antioxidant capacity in berry extracts of CL-1048.
Principal component analysis
Principal component analysis was conducted to determine general trends in the different samples. Figure 5a shows the score plot obtained by PCA where samples of each variety are grouped in the plot of the first and second principal components: PC1 v. PC2. Here, PC1 accounted for~28.6% of the total variance and PC2 covered~15.5%. Different Tempranillo clones could not be clearly distinguished (Fig. 5a ). The -M plants grown under both temperature conditions appeared together; however, +M plants were separated along PC1 where a clear distinction was observed between plants grown at 248CÀ148C and plants grown under warming conditions. The loading plot (Fig. 5b) shows the importance of TPI, anthocyanin, pH and acidity levels in explaining variance along PC1. Moreover, the graph highlights that total antioxidant capacity measured was related to anthocyanin and polyphenol levels.
Discussion
Clones of Vitis vinifera cv. Tempranillo tested in this study have significant diversity for some agronomic traits such as yield, bunch mass and berry mass (Table 1) (Cervera et al. 2002) . However, clonal selection in viticulture should integrate other criteria related to plant physiological responses to biotic and abiotic factors in order to select interesting clones able to maintain berry properties under future climate scenarios. Under our experimental conditions, a rise of temperature from 248CÀ148C to 288CÀ188C during berry ripening resulted in accelerated phenology, which was more pronounced from fruit set to veraison than from veraison to maturity in CL-260 and CL-1089 (Table 2) . Such observations show a consistent trend towards earlier veraison and harvest, commonly observed in previous studies (Duchêne and Schneider 2005; Petrie and Sadras 2008; Duchêne et al. 2010) . Our data show that temperature effects significantly differed among clones and Means with the same letter are not significantly different (P > 0.05) between treatments according to Duncan's test. Twoway ANOVA was performed to evaluate the effects of temperature (T), clone (C) and their interaction (T Â C). ***P < 0.001; n.s., not significant (P > 0.05). Table 3 . Plant and berry characteristics from fruit-bearing cuttings of Tempranillo clones inoculated with arbuscular mycorrhizal fungi or uninoculated and grown at 248C"148C or 288C"188C (day-night) temperatures FM, Fresh matter. Values represent means (n = 5) except for berry mass and relative skin mass (n = 50) separated by Duncan's test (P 0.05). Within columns and clones, means followed by different letters are significantly different as affected by the main factors temperature (24, 28), mycorrhization (+M, -M) and their interaction (T Â M). *P < 0.05; **P < 0.01; ***P < 0.001; n.s., not significant (P > 0.05) that the intensity of effects depends on phenological phase, which could be explained by nonlinear effects of temperature on vine phenology (Sadras and Morán 2013) . In the present study, the intensity of mycorrhizal colonisation in grapevine roots never exceeded 15% whether plants were cultivated under either 248CÀ148C or 288CÀ188C (Table 2) . These values are clearly lower than measured by Eftekhari et al. (2012) in grapevines inoculated with different species of AMF, including R. intraradices (70% of root colonisation). Several factors could have been involved. First, differences in root colonisation may be influenced by small soil volume (Poorter et al. 2012) ; 8-L pots were used in Eftekhari et al. (2012) and 6.5-L pots in the present study. In fact, development of extraradical mycelium may be limited by the small size of pots with consequent reduction of root AMF colonisation (Nogales et al. 2010) . Second, AMF colonisation could be reduced by higher root temperature (Passioura 2006) ; however, this was avoided by shading pots (see Material and methods). Third, differences in root colonisation may be at least partially due to the type of inoculum applied to grapevine in both studies. Whereas Eftekhari et al. (2012) used an inoculum that contained spores, mycelium and root fragments of clover colonised by AMF, in our study the main component of the mycorrhizal inoculum was spores of R. intraradices. Similarly, we have found low colonisation percentages when using monoxenically produced spores of R. intraradices as mycorrhizal inoculum in onion plants (Bettoni et al. 2014) . Fourth, percentages of mycorrhizal colonisation are highly dependent on the grape variety (Eftekhari et al. 2012) . Fifth, because in the grape fruiting-cuttings model several leaves are removed to allow fruit development, the leaf area may have been insufficient to provide enough photoassimilates to satisfy the demand of the main sinks in plants inoculated with R. intraradices (fungal structures in roots and bunch), and this would be detrimental to the spread of mycorrhizal colonisation. Such limitation would have resulted in non-improvement of bunch growth brought about by inoculation of plants (low or negative MEI; Fig. 1 ), even in the only case in which AMF enhanced P status of plants compared with the non-inoculated controls (CL-1048 grown at 248CÀ148C; Table 4 ). However, the values of root AMF colonisation in our study were similar to those obtained by Nogales et al. (2010) working with in-vitro, micro-propagated plantlets of grapevine inoculated with monoxenically produced R. intraradices. Although plants in our study were fertilised at a P rate lower than that applied by Petit and Glubler (2006) , the foliar concentrations of P were always higher than measured by those authors in shoots of grape rootings. Foliar P concentrations in cv. Tempranillo were also higher than extractable P observed in leaves of cv. Carignane fertilised with P for the full growing season (Skinner and Matthews 1989) . Therefore, we can dismiss the possibility that, in our study, P supply was insufficient for correct plant growth.
Recent studies have shown great phenotypic plasticity among grapevine varieties for berry sensory traits in response to elevated temperatures (Sadras et al. 2013a (Sadras et al. , 2013b Barnuud et al. 2014) . In the same way, results of this study showed clonal diversity within Tempranillo in response to temperature and AMF inoculation. Thereby, tartaric acid content decreased Table 4 . Concentrations of nitrogen (N) and phosphorus (P) in leaves from fruiting cuttings of Tempranillo clones inoculated with arbuscular mycorrhizal fungi or uninoculated and grown at 248C"148C or 288C"188C (day-night) temperatures DM, Dry matter. Values represent means (n = 5) separated by Duncan's test (P 0.05). Within columns and clones, means followed by different letters are significantly different as affected by the main factors temperature (24, 28), mycorrhization (+M, -M) and their interaction (T Â M). *P < 0.05; **P < 0.01; ***P < 0.001; n.s., not significant (P > 0.05)
Leaf N Leaf P (mg g -1 DM) in CL-260 (Fig. 2a) but increased in CL-1048 at 288CÀ188C (Fig. 3a) . These results contrast with general observations that tartaric acid is largely unaffected by temperature. However, some studies agree with our data by showing broad diversity in tartaric acid levels within grapevine varieties and climate conditions (Liu et al. 2006; Preiner et al. 2013 ).
CL-260
On the other hand, in CL-260, TPI and total and extractable anthocyanins decreased in AMF-inoculated plants grown at 288CÀ188C (Fig. 2b ), in agreement with other studies (Mori et al. 2007; Mira de Orduña 2010; Teixeira et al. 2013; Barnuud et al. 2014) . This loss of anthocyanins has been associated with chemical and/or enzymatic degradation (Mori et al. 2007 ) and with delayed onset of anthocyanin accumulation (Sadras and Morán 2012) . Phenolic maturity covers not only the overall concentration of phenolic compounds, but also their structure and capacity to be extracted from grapes during vinification (Boulton et al. 1996; Cagnasso et al. 2008) . In our study, CL-260 showed significant decreases in the cellular extractability of anthocyanins in plants grown at 288CÀ188C, suggesting early phenolic maturity under these conditions (Fig. 2b) . As mentioned above, AMF-inoculated plants of CL-260 grown at 288CÀ188C have low anthocyanin content (Fig. 2b) together with increased soluble solids (Fig. 2a) , which could lead a decoupling between anthocyanins and sugars (Sadras and Morán 2012) . Because these changes could have detrimental consequences for the colour-alcohol balance of wine, we suggest that AMF colonisation may not be beneficial under future warmtemperature scenarios for CL-260. When grown at 288CÀ188C, CL-1048 showed increased soluble solids (Fig. 3a) together with reduction in anthocyanins regardless of mycorrhizal treatment (Fig. 3b) . However, in this clone, mycorrhizal inoculation improved anthocyanin content, suggesting that AMF exerted a positive effect on berry quality (Fig. 3b) . To date, there has been little information about the influence of AMF on phenolic composition of grape berries (Karagiannidis et al. 2007 ), but a beneficial role of AMF on anthocyanin content was previously detected in leaves of lettuce (Baslam et al. 2013) , onion (Bettoni et al. 2014) and grapevine (Torres et al. 2015) . According with these results, we suggest that mycorrhizal association of CL-1048 may improve berry quality under warmer temperatures.
In contrast to other clones, CL-1089 grown at 288CÀ188C did not show changes in total soluble solids (Fig. 4a) as reported in other studies (Coombe 1987; Sadras et al. 2013a) . However, AMF inoculation of CL-1089 resulted in decreased extractable anthocyanins leading to increased cellular extractability of anthocyanins (~70%), which suggests low potential of colour extraction (Nadal 2010) . Overall, our data indicate that CL-1089 could be a good candidate for growing under climate change conditions because of its poor response to temperature, but AMF colonisation could reduce some positive traits.
Phenolic compounds have generated remarkable interest with their antioxidant and free-radical-scavenging properties (Castellarin et al. 2012) . Catechins, proanthocyanidins and anthocyanins are the most concentrated natural antioxidants present in berries and they may generate significant health benefits (Xia et al. 2010; Georgiev et al. 2014) . The observed decrease in total antioxidant capacity of AMF-inoculated CL-260 grown at 288CÀ188C was related to a decrease in TPI and anthocyanins (Fig. 2b) . By contrast, in CL-1048, the combination of AMF inoculation and elevated temperatures exerted an additive effect in improving antioxidant power ( Table 6 ) that could be explained, at least in part, by improved anthocyanin content in berries (Fig. 3b) . In fact, anthocyanins are considered very good antioxidant agents, and a significant relationship has been reported between antioxidant capacity and anthocyanin content in different grapevine varieties (Kallithraka et al. 2009; De Nisco et al. 2013) , as was also observed in our study (Fig. 5b ). An additive effect between AMF inoculation and elevated temperature for antioxidant properties of CL-1048 was recently shown in cyclamen (Maya and Matsubara 2013) and grapevine (Torres et al. 2015) leaves. Moreover, the enhanced N status of plants from CL-1048 inoculated with AMF and subjected to elevated temperature (Table 4) may have contributed to the synthesis of N-containing compounds (i.e. amino acids) with antioxidant properties.
In conclusion, this study provides evidence for clonal diversity of Tempranillo resulting in different abilities to respond to increasing temperature and mycorrhizal inoculation. Under our experimental conditions, the protective role of AMF inoculation in avoiding warming effects on berry quality was particularly evident in CL-1048. Although under elevated temperatures this clone ripened earlier, it could be an alternative to typical clones of Tempranillo used in the winemaking process. Moreover, the association of CL-1048 with AMF may play a relevant role in a future climate-change scenario to maintain or even improve fruit quality by enhancing antioxidant properties, which demonstrates the importance of adopting measures to protect the indigenous cohorts of AMF in vineyards. However, limitations of controlled environments to assess the effect of temperature on grapevine means that extrapolations to fieldgrown grapevines should be made with due caution.
